INTRODUCTION
Bone morphogenetic proteins (BMP-s) belong to the transforming growth factor (TGF) β superfamily that mediates a multitude of developmental processes in various tissues. In recent years the roles of BMP-s in embryonic development and cellular functions have been extensively studied. The important roles of BMP signalling in the development of nervous system, heart, cartilage and bone have been demonstrated by studies of transgenic and knockout mice as well as of animals and humans with naturally occurring mutations in BMPs and related genes [5] . The central nervous system (CNS) is highly regionalized along both its anterposterior and dorsoventral axes [27] . Anterioposterior regionalization of the CNS is clearly evident from the localization of cerebral cortex at the anterior end, spatially and functionally distinct areas that arise within forebrain, midbrain and hindbrain, and spinal cord at the posterior end. Similary, different neurons and neural structures originate at specific dorsoventral positions of the neural tube. Within the ectoderm, BMP activity has been shown to inhibit neural development, promote epidermal differentiation and influence the specification of dorsal neurons and neural crest [1] .
In this review we highlight the temporal and spatial influence of BMP signalling from the earliest step of neural induction to neural tube patterning when the forebrain, midbrain, hindbrain, and the spinal cord at the posterior end are formed. Involved in the oocyte and follicular development.
BMP-s INFLUENCE THE PROCESS OF NEURULATION
Neurulation is the process of forming the neural tube, which will become the brain and spinal cord [30] . The embryonic precursor of the neural tube is the neural plate, or neuroepithelium, a thickened region of ectoderm on the dorsal surface of the early embryo [9] . The neural plate is subsequently converted into the neural tube by a two-stage process. Primary neurulation gives rise to the neural tube that will later develop into the brain and most of the spinal cord. This process involves shaping and folding of the neuroepithelium, with formation of neural folds that undergo fusion in the midline to generate the neural tube and create two continuous epithelial layers: surface ectoderm on the outside and the inner neural tube [10] . Secondary neurulation leads to the formation of the neural tube in the caudal sacral and coccygeal regions [15] . In the neural tissue BMP signalling is essential for many steps of neural development. BMP-s act at different stages of neural development and in different regions of the CNS to regulate cell fate, proliferation and differentation. The first step is an early embryonic cell fate decision that determines whether cells will form neural or non-neural ectoderm [26] . The CNS initially develops from the dorsomedial region of the embryonic ectoderm, a process that requires the active repression of BMP signals. Although BMP activity must be inhibited to allow initial neural fate determination, it is clear that BMP signalling positively regulates CNS development at later stages of development [33] . Once the neural tissue is established, BMP signalling has a positive influence on the regulation of dorsal neural cell type formation [26] .
BMP SIGNALLING INHIBITION ACTIVATES NEURAL INDUCTION
During neural induction the embryonic neural plate is specified and set aside from other parts of the ectoderm. Several recent studies have shown that BMP-s are expressed in the ectoderm surrounding the entire neural plate [4] , domains where phosphorylated Smad-I is also detected, indicative of active BMP signalling [13] . A widespread molecular explanation is the "default model" of neural induction, which proposes that high BMP activity defines epidermis, while absence of BMP specifies the neural plate [32] . It has also been proposed that intermediate concentrations specify the border of the neural plate, including the region fated to give rise to placodes and neural crest [40] . BMP causes the inwards displacement of the border (narrowing the neural plate), while antagonists cause the reverse [32] . There is no doubt that the modulation of BMP activity (including the control of Smad I) is crucially important for neural development to occur normally [22] . BMP signalling apparently needs to be inhibited at least three times during early development to generate a normal neural plate [32] . The first inhibition takes place at very early stages of development, the second at the mid-/late gastrula stage and the third at the late gastrula/early neurula stage. These inhibitions establish the initial dorsoventral polarity of the embryo and also establish the differential competence of different ectodermal regions to respond to later signals. Chordin and noggin are probably the most important BMP antagonists in these developmental stages. These BMP activity repressions (in particular BMP-4, which acts as an epidermal inducer) led researchers to construct the "default model" of neural induction, which proposes that cells within the ectoderm have an autonomus tendency to differentiate into neural tissue [16] . These neural inducers induce only forebrain and midbrain types of tissues. Induction of caudal neural tube structures, hindbrain and spinal cord, depends on two other secreted proteins, Wnt-s and FGF-s. In addition, RA (retionic acid) appears to play a role in organizing the cranial-caudal axis [38, 40] .
BMP-s PROMOTE AND INFLUENCE NEURAL CREST CELLS
The role of BMP signalling in neural crest induction is tightly linked to the induction of the neural plate [17] . After gastrulation, neural crest cells are specified at the border of the neural plate and the non-neural ectoderm. The periferial nervous system arises from neural crest and placodal cells derived from neural plate border cells. Neural crest cells, which contribute to a vast array of cell types are generated along the entire rostrocaudal neuroaxis where the neural plate border cells generate placodal but no neural crest cells [29] . The ability to segregate and migrate away from the neuroepithelium is one of the unique features of the developing neural crest, and for many years, the neural crest has been the preferred model to analyze the molecular basis of cell migration in normal and also pathological situations [35] . Induction of neural crest cells requires an interaction at the junctional border of the neural plate and surface ectoderm. Intermediate concentration of BMP-s is established at this boundary compared to neural plate cells that are exposed to very low levels of BMP-s and surface ectoderm cells that are exposed to very high levels. The proteins chordin, noggin and follistatin regulate these concentrations by acting as BMP inhibitors [17] . The intermediate concentration of BMP-s, together with Wnt proteins, induce Pax genes and other transcription factors that "specify" the neural plate border. We have a unique opportunity to examine a substantial number of human embryos at the stages of neural tube formation. 
ROLE OF BMP-s IN DORSAL-VENTRAL PATTERNING OF THE NEURAL TUBE
Members of the BMP family of signalling proteins are involved in embryonic dorsoventral patterning in both vertebrates and invertebrates [2] . A widely accepted model of dorsoventral patterning postulates that a morphogenetic BMP activity gradient patterns cell fates of all of the dorso-ventral axis. It has been suggested that members of the TGFβ superfamily, including several of the BMP-s, play a similar role in the dorsal neural tube [36] . The specification of dorsal neuronal cell fates appears to depend on a cascade of inductive signals initiated by cells of epidermal ectoderm that flank the neural plate and propagated by roof plate cells within the neural tube [24, 7] . BMP proteins have a prominent role in mediating these dorsalizing signals. Targeted mutations of BMP signalling components in the mouse also indicate a role for BMP signalling in dorsoventral patterning in mammals [37] . Our work with human embryos points to the considerable expression of BMP-2 and BMP-4 in the dorsal part of the developing neural tube (Figure 2) . Thus, the results of BMP-2 and BMP-4 expression in the human developing neural tube are generally in concordance with the data obtained from animal studies supporting the idea that BMP-s are key regulators in the differentiation of the neural tissue, especially in the dorsal part of the neural tube. Additional signals, including members of the Wnt and FGF families, may also contribute to the proliferation and differentiation of dorsal neuronal cell types.
The level of BMP signalling may be modulated by a diverse group of proteins that emanate from the dorsal side of the embryo and inhibit BMP activity. Chordin, noggin and follistatin can all bind directly to BMP-s and overexpression studies have demonstrated that these proteins dorsalise embryos through the inhibition of BMP activity [11] . Unlike BMP-2 and BMP-4, noggin and chordin may diffuse within the embryo and so a gradient of BMP activity could be established through widespread production of BMP-s whose signalling activity is modulated by the activity of BMP antagonists diffusing from the dorsal side of the embryo [21] and thus a gradient of BMP-dependent positional information extending throughout the entire neural and non-neural ectoderm is formed [1] . Figure 3 demonstrates BMP-4 expression in the nonneural ectoderm during the development of the neural tube of human embryos. 
BMP-s SIGNALLING AND ESTABLISHMENT OF THE SPINAL CORD
After neural tube closure the most anterior end of the neural tube gives rise to the forebrain consisting of the telencephalon and the diencephalon, while the posterior regions form the midbrain, the hindbrain and the spinal cord [31] . As the caudal neural tube closes, roof plate progenitors differentiate into mature roof plate cells, which occupy the dorsal midline region. Roof plate cells act as a dorsal midline organizing center controlling numerous aspects of dorsal spinal cord development [8] . The first evidence for a role of roof plate in dorsal spinal cord patterning came from chick and mice studies [5, 6] , and nowadays the dorsal patterning mechanisms are best described in the developing spinal cord. Several members of the BMP family are specially expressed in the roof plate during neural tube development at the dorsal interneuron formation in both mouse and chick. Expression of BMP-s also appeared in the roof plate of the developing spinal cord of human embryos (Figures 4, 5) . In addition to the BMP-s expression of the roof plate, significant expression of BMP-s in non-neural ectoderm and neural crest cells was evident (Figure 4) . The dorsoventral patterning is dictated by SHH emananting from ventral regions of the neural tube and BMP-s and Wnt-s originating from the dorsal position. In addition, the members of the FGF family have a specific role in the control of proliferation and patterning of neural progenitors [38] . Several lines of evidence indicate that BMP signalling contributes to the patterning of dorsoventral axis of the neural tube and is required for the correct specification of cell types in dorsal regions [41] . In addition, BMP-s antagonise SHH activity in the neural tube and influence the proliferation of neural progenitors. Importantly, the effects of BMP-s on cell proliferation in the neural tube may be mediated by Wnt signalling and conversely, Wnt signalling can transcriptionally be induced by BMP-s [18] . The molecular mechanism of this cross-inhibition remains to be elucidated. These findings have led researchers to propose that growth in the dorsal spinal cord is regulated by a balance between Wnt and BMP signalling. 
CONCLUDING REMARKS
In embryonic development BMP-s, specially BMP-2 and BMP-4, are critical signalling molecules required for the early differentiation of the embryo and establishing the dorsoventral axis. The specification of neuronal subtypes becomes evident with the appearance of distinct cell types at defined positions along the dorsoventral axis of the neural tube [19] . The dorsoventral patterning of the neural tube is dictated by sonic hedgehog (SHH) emanating from ventral regions of the neural tube and BMP-s and Wnt-s originating from dorsal portions [3] . BMP and SHH signals appear to have opponent and antagonistic functions in the control of cell fate along the dorsoventral axis of the neural tube [12] . Together the data support the hypothesis that polypeptide growth factors of the TGF play key roles in the development of the neural tube at the initial stages of neurogenesis [20] . In addition, the members of the TGF family have specific roles in the control of proliferation and patterning of neural progenitors [38] .
